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Analysis of the mass and width of the X∗(3860) with QCD sum rules
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Abstract
In this article, we tentatively assign the X∗(3860) to be the Cγ5 ⊗ γ5C type scalar
tetraquark state, study its mass and width with the QCD sum rules, special attention is paid
to calculating the hadronic coupling constants GXηcpi and GXDD concerning the tetraquark
state. We obtain the values MX = 3.86 ± 0.09GeV and ΓX = 202 ± 146MeV, which are
consistent with the experimental data. The numerical result supports assigning the X∗(3860)
to be the Cγ5 ⊗ γ5C type scalar tetraquark state.
PACS number: 12.39.Mk, 12.38.Lg
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1 Introduction
Recently, the Belle collaboration performed a full amplitude analysis of the process e+e− →
J/ψDD¯ based on the 980fb−1 data sample collected by the Belle detector at the asymmetric-energy
e+e− collider KEKB, and observed a new charmoniumlike state X∗(3860) that decays to DD¯ with
a significance of 6.5σ, the measured mass is 3862+26−32
+40
−13MeV and width is 201
+154
−67
+88
−82MeV [1].
The JPC = 0++ hypothesis is favored over the 2++ hypothesis at the level of 2.5σ. The Belle col-
laboration assigned the X∗(3860) in stead of the X(3915) to be the χc0(2P) state [1]. The mass of
the state χc0(2P) from the non-relativistic potential model, the Godfrey-Isgur relativized potential
model and the screened potential model is 3852MeV, 3916MeV and 3842MeV, respectively [2, 3].
In 2004, the Belle collaboration observed the X(3915) in the ωJ/ψ mass spectrum in the
exclusive B → KωJ/ψ decays [4]. In 2007, the BaBar collaboration confirmed the X(3915) in the
ωJ/ψ mass spectrum in the exclusive B → KωJ/ψ decays [5]. In 2010, the Belle collaboration
confirmed the X(3915) in the two-photon process γγ → ωJ/ψ [6].
In Ref.[7], Lebed and Polosa propose that the X(3915) is the lightest csc¯s¯ scalar tetraquark
state based on lacking of the observed DD¯ and D∗D¯∗ decay modes, and attribute the single
known decay mode J/ψω to the ω − φ mixing effect. In Refs.[8, 9], we study the Cγµ ⊗ γµC-
type, Cγµγ5 ⊗ γ5γµC-type, Cγ5 ⊗ γ5C-type, C ⊗ C-type csc¯s¯ scalar tetraquark states with the
QCD sum rules in a systematic way, and obtain the predictions MCγµ⊗γµC = 3.92
+0.19
−0.18GeV and
MCγ5⊗γ5C = 3.89± 0.05GeV, which support assigning the X(3915) to be the Cγµ ⊗ γµC-type or
Cγ5 ⊗ γ5C-type csc¯s¯ scalar tetraquark state.
Naively, we expect the SU(3) breaking effect is about ms−mq = 135MeV, while the QCD sum
rules indicate that the mass gaps Mcsc¯s¯ −Mcqc¯q¯ are less than or much less than 90MeV for the
scalar, vector, axialvector diquark-antidiquark type hidden-charm tetraquark states [10, 11, 12].
If the SU(3) breaking effects are small indeed for the diquark-antidiquark type hidden-charm
tetraquark states, the X∗(3860) and X(3915) can be assigned to be the scalar tetraquark states
with the symbolic quark structures c¯c u¯u+d¯d√
2
and c¯cs¯s, respectively. In Ref.[13], we study the lowest
Cγ5⊗γ5C type scalar hidden-charm tetraquark state with the QCD sum rules and obtain the mass
M =
(
3.82+0.08−0.08
)
GeV, which is consistent with the value from the Belle collaboration [1].
In Ref.[14], we update the value of the effective c-quark mass Mc in determining the optimal
energy scales of the QCD spectral densities in the QCD sum rules for the hidden-charm tetraquark
states by the empirical formula µ =
√
M2X/Y/Z − (2Mc)2, where the X , Y , Z denote the tetraquark
states. So the predicted mass of the Cγ5 ⊗ γ5C type hidden-charm tetraquark state in Ref.[13]
should be updated. In Ref.[13], we take the old value Mc = 1.80GeV, now we take the updated
value Mc = 1.82GeV [14], and expect to extract a slightly different massMX at a slightly different
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energy scale µ in a consistent way according to the energy scale formula µ =
√
M2Z − (2Mc)2.
Variations of the energy scales µ lead to changes of integral range 4m2c(µ) − s0 of the variable ds
besides the QCD spectral density ρ(s) (See Eq.(4) in Sec.2), therefore change of the Borel window
and predicted mass and pole residue. Moreover, it is interesting to study the decay widths of the
tetraquark states with the QCD sum rules by taking into account all the Feynman diagrams [15, 16]
instead of only the connected Feynman diagrams [13, 17]. Furthermore, the over simplified hadron
representation chosen in Ref.[13] should be modified. In this article, we assign the X∗(3860) to be
the Cγ5 ⊗ γ5C type scalar hidden-charm tetraquark state, and restudy its mass and width with
the QCD sum rules in details.
The article is arranged as follows: we derive the QCD sum rules for the mass and width of the
X∗(3860) in section 2 and section 3 respectively; section 4 is reserved for our conclusion.
2 The mass of the Cγ5⊗γ5C type scalar hidden-charm tetraquark
state
In the following, we write down the two-point correlation function Π(p) in the QCD sum rules,
Π(p) = i
∫
d4xeip·x〈0|T {J(x)J†(0)} |0〉 , (1)
where
J(x) = εijkεimnuj(x)Cγ5c
k(x)d¯m(x)γ5Cc¯
n(x) , (2)
the i, j, k, m, n are color indexes, the C is the charge conjunction matrix. We choose the current
J(x) to interpolate the tetraquark state X∗(3860) (to be more precise, the charged partner of the
X∗(3860), they have degenerate masses in the isospin limit).
At the phenomenological side, we insert a complete set of intermediate hadronic states with the
same quantum numbers as the current operator J(x) into the correlation function Π(p) to obtain
the hadronic representation [18, 19], and isolate the ground state contribution,
Π(p) =
λ2X
M2X − p2
+ · · · , (3)
where the pole residue λX is defined by 〈0|J(0)|X∗(3860)〉 = λX .
We carry out the operator product expansion to the vacuum condensates up to dimension-10,
and obtain the QCD spectral density through dispersion relation, then we take the quark-hadron
duality and perform Borel transform with respect to the variable P 2 = −p2 to obtain the following
QCD sum rule,
λ2X exp
(
−M
2
X
T 2
)
=
∫ s0
4m2c
ds ρ(s) exp
(
− s
T 2
)
, (4)
where the T 2 is the Borel parameter and the s0 is the continuum threshold parameter. The explicit
expression of the QCD spectral density ρ(s) is presented in Refs.[9, 13].
We derive Eq.(4) with respect to τ = 1T 2 , then eliminate the pole residue λX to obtain the
QCD sum rule for the mass,
M2X =
− ddτ
∫ s0
4m2c
ds ρ(s) e−τs∫ s0
4m2c
ds ρ(s) e−τs
. (5)
We take the standard values of the vacuum condensates 〈q¯q〉 = −(0.24±0.01GeV)3, 〈q¯gsσGq〉 =
m20〈q¯q〉, m20 = (0.8 ± 0.1)GeV2, 〈αsGGπ 〉 = 0.012 ± 0.003GeV4 at the energy scale µ = 1GeV
2
[18, 19, 20], and choose theMS mass mc(mc) = (1.275±0.025)GeV from the Particle Data Group
[21]. Moreover, we take into account the energy-scale dependence of the input parameters,
〈q¯q〉(µ) = 〈q¯q〉(Q)
[
αs(Q)
αs(µ)
] 4
9
,
〈q¯gsσGq〉(µ) = 〈q¯gsσGq〉(Q)
[
αs(Q)
αs(µ)
] 2
27
,
mc(µ) = mc(mc)
[
αs(µ)
αs(mc)
] 12
25
,
αs(µ) =
1
b0t
[
1− b1
b20
log t
t
+
b21(log
2 t− log t− 1) + b0b2
b40t
2
]
, (6)
where t = log µ
2
Λ2 , b0 =
33−2nf
12π , b1 =
153−19nf
24π2 , b2 =
2857− 5033
9
nf+
325
27
n2f
128π3 , Λ = 213MeV, 296MeV
and 339MeV for the flavors nf = 5, 4 and 3, respectively [21]. We tentatively take the continuum
threshold parameter to be
√
s0 = (4.4 ± 0.1)GeV, i.e. √s0 = MX + (0.4 − 0.6)GeV. In the
scenario of tetraquark states, the QCD sum rules indicate that the Zc(3900) and Z(4430) can be
tentatively assigned to be the ground state and the first radial excited state of the axialvector
tetraquark states, respectively [22], the X(3915) and X(4500) can be tentatively assigned to be
the ground state and the first radial excited state of the scalar tetraquark states, respectively [8, 9].
The energy gap between the ground state and the first radial excited state of the hidden-charm
tetraquark states is about 0.6GeV.
In Refs.[12, 23, 24], we study the acceptable energy scales of the QCD spectral densities for the
hidden-charm (hidden-bottom) tetraquark states in the QCD sum rules in details for the first time,
and suggest an empirical formula µ =
√
M2X/Y/Z − (2MQ)2 to determine the optimal energy scales,
where the X , Y , Z denote the tetraquark states, and the MQ denotes the effective heavy quark
masses. The energy scale formula works well for the X(3872), Zc(3900), X(3915), Zc(4020/4025),
Y (4140), Z(4430), X(4500), Y (4660), X(4700), Zb(10610) and Zb(10650). In Ref.[13], we choose
the old value Mc = 1.80GeV to study the mass of the lowest scalar hidden-charm tetraquark state.
In this article, we choose the updated value Mc = 1.82GeV [14], and obtain the optimal energy
scale µ = 1.3GeV for the QCD spectral density, the prediction is changed slightly. In fact, the
empirical energy scale formula µ =
√
M2X/Y/Z − (2Mc)2 serves as a constraint to obey.
We search for the optimal Borel parameter to satisfy the two criteria (pole dominance and
convergence of the operator product expansion) of the QCD sum rules, and obtain the value
T 2 = (2.5−2.9)GeV2. In Fig.1, we plot the pole contribution with variations of the Borel parameter
T 2, the pole contribution is about (46−70)% in the Borel window between the two vertical lines. In
Fig.2, we plot the contributions of different terms in the operator product expansion with variations
of the Borel parameter T 2 for the central value of the continuum threshold parameter s0. In the
Borel window, the main contributions come from the vacuum condensates of dimensions 0, 3, 5
and 6, the contributions of the vacuum condensates of dimensions 8 and 10 are about −(3− 6)%
and < 1%, respectively. The two criteria of the QCD sum rules are fully satisfied, we expect to
make reliable prediction.
We take into account all uncertainties of the input parameters, and obtain the values of the
mass and pole residue of the X∗(3860), which are shown explicitly in Fig.3,
MX = 3.86± 0.09GeV ,
λX = (2.02± 0.34)× 10−2GeV5 . (7)
The predicted mass MX = 3.86± 0.09GeV is in excellent agreement with the experimental value
3862+26−32
+40
−13MeV within uncertainties [1]. The QCD sum rules favors assigning the X
∗(3860) to
be the Cγ5 ⊗ γ5C type hidden-charm tetraquark state. However, the assignment of the X(3915)
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Figure 1: The pole contribution with variations of the Borel parameter T 2.
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Figure 2: The contributions of different terms in the operator product expansion with variations
of the Borel parameter T 2, where the 0, 3, 4, 5, 6, 7, 8 and 10 denote the dimensions of the vacuum
condensates.
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Figure 3: The mass and pole residue of the X∗(3860) with variations of the Borel parameter T 2.
as the Cγ5 ⊗ γ5C type hidden-charm tetraquark state with the symbolic structure c¯c u¯u+d¯d√2 is not
excluded, as the predicted mass MX = 3.86± 0.09GeV is also compatible with the experimental
value 3918.4 ± 1.9MeV of the mass of the X(3915) within uncertainty [21]. We can study the
width to obtain more reliable assignment. On the other hand, the Belle collaboration observed
the X(3940) in the decays to the meson pair D∗D¯ [25], absence of the decays X(3940) → DD¯
indicates the favored quantum numbers of the X(3940) are JPC = 0−+, which differ from the
quantum numbers JPC = 0++ of the interpolating current J(x).
3 The width of the X∗(3860) as scalar tetraquark state
We study the two-body strong decays X∗(3860)→ ηcπ− and D−D0 with the following three-point
correlation functions Π1(p, q) and Π2(p, q), respectively,
Π1(p, q) = i
2
∫
d4xd4yeip·xeiq·y〈0|T {Jηc(x)Jπ(y)J(0)} |0〉 , (8)
Π2(p, q) = i
2
∫
d4xd4yeip·xeiq·y〈0|T {JD(x)JD(y)J(0)} |0〉 , (9)
where the currents
Jηc(x) = c¯(x)iγ5c(x) ,
Jπ5 (y) = u¯(y)iγ5d(y) , (10)
JD(x) = c¯(x)iγ5d(x) ,
JD(y) = u¯(y)iγ5c(y) , (11)
interpolate the mesons ηc, π
−, D− and D0, respectively.
At the QCD side, the correlation functions Π1(p, q) and Π2(p, q) can be written as
Π1(p, q) =
∫ s0
4m2c
ds
∫ u0
0
du
ρ1(s, u)
(s− p2)(u− q2) +
∫ s0
4m2c
ds
∫ ∞
u0
du
ρ1(s, u)
(s− p2)(u − q2)
+
∫ ∞
s0
ds
∫ u0
0
du
ρ1(s, u)
(s− p2)(u− q2) +
∫ ∞
s0
ds
∫ ∞
u0
du
ρ1(s, u)
(s− p2)(u − q2) , (12)
Π2(p, q) =
∫ s0
m2c
ds
∫ u0
m2c
du
ρ2(s, u)
(s− p2)(u − q2) +
∫ s0
m2c
ds
∫ ∞
u0
du
ρ2(s, u)
(s− p2)(u− q2)
+
∫ ∞
s0
ds
∫ u0
m2c
du
ρ2(s, u)
(s− p2)(u− q2) +
∫ ∞
s0
ds
∫ ∞
u0
du
ρ2(s, u)
(s− p2)(u − q2) , (13)
5
where the ρ1/2(s, u) are the QCD spectral densities, the s0 and u0 are the continuum threshold
parameters. The QCD spectral densities ρ1(s, u) and ρ2(s, u) are independent on the (p ± q)2
except for some non-singular terms p · q, (p · q)2, etc, the variables ds and du are independent,
which differ from the QCD spectral densities in the QCD sum rules for the hadronic coupling
constants GΛcND, GΛbNB, GΣcND, GΣbNB, GΛcND∗ , GΛbNB∗ , GΣcND∗ , GΣbNB∗ [26, 27], GB∗cBcΥ,
GB∗cBcJ/ψ, GBcBcΥ, GBcBcJ/ψ, GD∗2Dπ, GD∗s2DK , GB∗2Bπ, GB∗s2BK [28], in those case the QCD
spectral densities depend on the (p ± q)2 explicitly, the variables ds and du should obey special
constraints among the s, u and (p± q)2 according to dispersion relations or Cutkosky’s rules [28].
The strong decays X∗(3860) → ηcπ− and D−D0 take place through fall-apart mechanism, no
quark-antiquark pair is created from the vacuum, which differs from the two-body strong decays
of the conventional mesons and baryons significantly.
At the hadronic side, we insert a complete set of intermediate hadronic states with the same
quantum numbers as the current operators into the three-point correlation functions Π1(p, q),
Π2(p, q) and isolate the ground state contributions to obtain the following results,
Π1(p, q) =
fηcM
2
ηcfπM
2
πλXGXηcπ
2mc(mu +md)
1
(M2X − p′2)(M2ηc − p2)(M2π − q2)
+
1
(M2X − p′2)(M2ηc − p2)
∫ ∞
s0pi
dt
ρXπ(p
2, t, p′2)
t− q2
+
1
(M2X − p′2)(M2π − q2)
∫ ∞
s0ηc
dt
ρXηc(t, q
2, p′2)
t− p2
+
1
(M2ηc − p2)(M2π − q2)
∫ ∞
s0
X
dt
ρXηc(p
2, q2, t) + ρXπ(p
2, q2, t)
t− p′2 + · · · , (14)
Π2(p, q) =
f2DM
4
DλXGXDD
4m2c
1
(M2X − p′2)(M2D− − p2)(M2D0 − q2)
+
1
(M2X − p′2)(M2D0 − q2)
∫ ∞
s0
D
dt
ρXD−(t, q
2, p′2)
t− p2
+
1
(M2X − p′2)(M2D− − p2)
∫ ∞
s0
D
dt
ρXD0(p
2, t, p′2)
t− q2
+
1
(M2D− − p2)(M2D0 − q2)
∫ ∞
s0X
dt
ρXD−(p
2, q2, t) + ρXD0(p
2, q2, t)
t− p′2 + · · · , (15)
where p′ = p + q, the decay constants fηc , fπ, fD and the hadronic coupling constants GXηcπ,
GXDD are defined by,
〈0|Jηc(0)|ηc(p)〉 =
fηcM
2
ηc
2mc
,
〈0|Jπ(0)|π(q)〉 = fπM
2
π
mu +md
,
〈0|JD(0)|D(p/q)〉 = fDM
2
D
mc
,
〈ηc(p)π(q)|X(p′)〉 = iGXηcπ ,
〈D(p)D(q)|X(p′)〉 = iGXDD . (16)
The eight functions ρXπ(p
2, t, p′2), ρXηc(t, q
2, p′2), ρXπ(p2, q2, t), ρXηc(p
2, q2, t), ρXD−(t, q
2, p′2),
ρXD0(p
2, t, p′2), ρXD−(p2, q2, t) and ρXD0(p2, q2, t) have complex dependence on the transitions
between the ground states and the high resonances or continuum states. The definitions of the
6
hadronic coupling constants GXηcπ, GXDD differ from that in Ref.[13], moreover, in Ref.[13], an
over simplified hadron representation is chosen.
We introduce the notations CXπ , CXηc , C
′
Xηc
, C′Xπ, CXD− , CXD0 , C
′
XD− and C
′
XD0 to pa-
rameterize the net effects,
CXπ =
∫ ∞
s0pi
dt
ρXπ(p
2, t, p′2)
t− q2 ,
CXηc =
∫ ∞
s0ηc
dt
ρXηc(t, q
2, p′2)
t− p2 ,
C′Xηc =
∫ ∞
s0
X
dt
ρXηc(p
2, q2, t)
t− p′2 ,
C′Xπ =
∫ ∞
s0
X
dt
ρXπ(p
2, q2, t)
t− p′2 , (17)
CXD− =
∫ ∞
s0D
dt
ρXD−(t, q
2, p′2)
t− p2 ,
CXD0 =
∫ ∞
s0
D
dt
ρXD0(p
2, t, p′2)
t− q2 ,
C′XD− =
∫ ∞
s0
X
dt
ρXD−(p
2, q2, t)
t− p′2 ,
C′XD0 =
∫ ∞
s0
X
dt
ρ′XD0(p
2, q2, t)
t− p′2 , (18)
and rewrite the correlation functions Π1(p, q) and Π2(p, q) into the following form,
Π1(p, q) =
fηcM
2
ηcfπM
2
πλXGXηcπ
2mc(mu +md)
1
(M2X − p′2)(M2ηc − p2)(M2π − q2)
+
CXπ
(M2X − p′2)(M2ηc − p2)
+
CXηc
(M2X − p′2)(M2π − q2)
+
C′Xπ + C
′
Xηc
(M2ηc − p2)(M2π − q2)
+ · · · , (19)
Π2(p, q) =
f2DM
4
DλXGXDD
4m2c
1
(M2X − p′2)(M2D− − p2)(M2D0 − q2)
+
CXD−
(M2X − p′2)(M2D0 − q2)
+
CXD0
(M2X − p′2)(M2D− − p2)
+
C′XD− + C
′
XD0
(M2D− − p2)(M2D0 − q2)
+ · · · . (20)
In numerical calculations, we smear the complex dependencies of the CXπ, CXηc , C
′
Xηc
, C′Xπ,
CXD− , CXD0 , C
′
XD− and C
′
XD0 on the variables p
2, p′2, q2, take them as free parameters, and
choose the suitable values to eliminate the contaminations from the high resonances and continuum
states to obtain the stable sum rules with the variations of the Borel parameters. In the limit
M2π → 0 and M2D0 → 0, we can choose Q2 = −q2 off-shell, and match the terms proportional to
1
Q2 at the hadron side with the ones at the QCD side to obtain QCD sum rules for the momentum
dependent hadronic coupling constants GXηcπ(Q
2) and GXDD(Q
2), then extract the values to
the mass-shell Q2 = −M2π or −M2D0 to obtain the physical values. In fact, the approximations
1
M2
D0
−q2 ≈ 1Q2 at the hadronic side and 1m2c−q2 ≈
1
Q2 at the QCD side are not good. We prefer
taking the imaginary parts of the correlation functions Π1(p, q) and Π2(p, q) with respect to q
2+ iǫ
through dispersion relation and obtain the physical spectral densities, then take Borel transform
with respect to the Q2 to obtain the QCD sum rules for the physical hadronic coupling constants.
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We have to be cautious in matching the QCD side with the hadronic side of the correlation
functions Π1(p, q) and Π2(p, q), as there appears the variable p
′2 = (p + q)2. We rewrite the
correlation functions Π1(p, q) and Π2(p, q) at the hadronic side into the following form through
dispersion relation,
Π1(p, q) = Π
H
1 (p
′2, p2, q2)
=
∫ s0X
(Mηc+Mpi)
2
ds′
∫ s0ηc
4m2c
ds
∫ u0pi
0
du
ρ1H(s
′, s, u)
(s′ − p′2)(s− p2)(u− q2) + · · · , (21)
Π2(p, q) = Π
H
2 (p
′2, p2, q2)
=
∫ s0X
4M2
D
ds′
∫ s0D
m2c
ds
∫ u0D
m2c
du
ρ2H(s
′, s, u)
(s′ − p′2)(s− p2)(u− q2) + · · · , (22)
where the ρ1H(s
′, s, u) and ρ2H(s
′, s, u) are the hadronic spectral densities,
ρ1H(s
′, s, u) = lim
ǫ3→0
lim
ǫ2→0
lim
ǫ1→0
Ims′ Ims Imu Π
H
1 (s
′ + iǫ3, s+ iǫ2, u+ iǫ1)
π3
, (23)
ρ2H(s
′, s, u) = lim
ǫ3→0
lim
ǫ2→0
lim
ǫ1→0
Ims′ Ims Imu Π
H
2 (s
′ + iǫ3, s+ iǫ2, u+ iǫ1)
π3
. (24)
The ground state masses have the relations MX > Mηc(2S) > Mηc ≫ Mπ and MX ≈ 2MD, while
the continuum threshold parameters have the relations
√
s0X ≈
√
s0ηc+
√
u0π,
√
s0X >
√
s0ηc ≫
√
u0π,√
s0X ≈
√
s0D +
√
u0D − 0.6GeV and s0D = u0D [15, 31].
Now we set s0ηc = s
0
X , p
′2 = p2 and carry out the integral over ds′, the contribution of the
ηc(2S) is included in, we have to take into account the contribution of the ρXηc(t, q
2, p′2) explicitly.
On the other hand, we set
√
s0X =
√
s0D +
√
u0D, p
′2 = 4p2 and carry out the integral over ds′,
the contribution of the X(2S) is included in, we have to take into account the contribution of the
ρXD−(p
2, q2, t) explicitly. The pole terms below the continuum thresholds s0X , s
0
ηc , u
0
π, s
0
D and u
0
D
can be written as
Π1(p, q) =
fηcM
2
ηcfπM
2
πλXGXηcπ
2mc(mu +md)
1
(M2X − p2)(M2ηc − p2)(M2π − q2)
+
CXηc
(M2X − p2)(M2π − q2)
,
(25)
Π2(p, q) =
f2DM
4
DλXGXDD
16m2c
1
(M˜2X − p2)(M2D− − p2)(M2D0 − q2)
+
C′XD−
(M2D− − p2)(M2D0 − q2)
,
(26)
where M˜2X =
M2X
4 .
We carry out the operator product expansion up to the vacuum condensates of dimension 5
and neglect the tiny contribution of the gluon condensate. In this article, we take into account
both the connected and disconnected Feynman diagrams, just like in the QCD sum rules for the
two-body strong decays of the Zc(4200) and X(5568) [15, 16], which is contrary to Ref.[17], where
only the connected Feynman diagrams are taken into account to study the width of the Zc(3900).
In Ref.[13], we only take into account the connected Feynman diagrams in calculating the width
of the lowest scalar hidden-charm tetraquark state and obtain the value Γ ≈ 21MeV.
In calculations, we observe that there appears q·pq2 in the terms associated with the 〈q¯q〉 and
〈q¯gsσGq〉 in the correlation function Π1(p, q), which disappears after performing the Borel trans-
form with respect to the variable Q2 = −q2, as q·pq2 = p
′2−p2−q2
2q2 = − 12 by setting p′2 = p2 = −P 2.
8
Once the analytical expressions of the correlation functions Π1(p, q) and Π2(p, q) at the QCD
level are gotten, we can obtain the QCD spectral densities through dispersion relation, take the
quark-hadron duality below the continuum thresholds, then we set p′2 = p2 and p′2 = 4p2 for the
correlation functions Π1(p, q) and Π2(p, q) respectively, and take the double Borel transforms with
respect to the variables P 2 = −p2 and Q2 = −q2 respectively to obtain the following QCD sum
rules,
fηcM
2
ηcfπM
2
πλXGXηcπ
2mc(mu +md)
1
M2X −M2ηc
[
exp
(
−M
2
ηc
T 2
)
− exp
(
−M
2
X
T 2
)]
exp
(
−M
2
π
T 22
)
+CXηc exp
(
−M
2
X
T 2
− M
2
π
T 22
)
=
3
128π4
∫ s0X
4m2c
ds
∫ u0pi
0
du su
√
1− 4m
2
c
s
exp
(
− s
T 2
− u
T 22
)
,
(27)
f2DM
4
DλXGXDD
16m2c
1
M˜2X −M2D
[
exp
(
−M
2
D
T 2
)
− exp
(
−M˜
2
X
T 2
)]
exp
(
−M
2
D
T 22
)
+C′XD− exp
(
−M
2
D
T 2
− M
2
D
T 22
)
= − 3
256π4
∫ s0D
m2c
ds
∫ u0D
m2c
du
(s−m2c)2(u−m2c)2
[
(3s− u)m2c + 2su
]
s2u2
exp
(
− s
T 2
− u
T 22
)
+
mc〈q¯q〉
32π2
∫ u0D
m2c
du
(u−m2c)2(u + 3m2c)
u2
exp
(
−m
2
c
T 2
− u
T 22
)
+
mc〈q¯q〉
32π2
∫ s0D
m2c
ds
(s−m2c)2(m2c − 5s)
s2
exp
(
− s
T 2
− m
2
c
T 22
)
+
mc〈q¯gsσGq〉
128π2
∫ s0D
m2c
ds
10s2 − 7sm2c +m4c
s2
exp
(
− s
T 2
− m
2
c
T 22
)
+
mc〈q¯gsσGq〉
128π2
∫ u0D
m2c
du
2u2 + 5um2c − 3m4c
u2
exp
(
−m
2
c
T 2
− u
T 22
)
, (28)
where the T 2 and T 22 are the Borel parameters. In the two QCD sum rules, the terms depend on
T 22 can be factorized out explicitly,
fηcM
2
ηcfπM
2
πλXGXηcπ
2mc(mu +md)
1
M2X −M2ηc
[
exp
(
−M
2
ηc
T 2
)
− exp
(
−M
2
X
T 2
)]
+CXηc exp
(
−M
2
X
T 2
)
=
3
128π4
∫ s0X
4m2c
ds
∫ u0pi
0
du su
√
1− 4m
2
c
s
exp
(
− s
T 2
− u−M
2
π
T 22
)
,
(29)
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f2DM
4
DλXGXDD
16m2c
1
M˜2X −M2D
[
exp
(
−M
2
D
T 2
)
− exp
(
−M˜
2
X
T 2
)]
+C′XD− exp
(
−M
2
D
T 2
)
= − 3
256π4
∫ s0D
m2c
ds
∫ u0D
m2c
du
(s−m2c)2(u−m2c)2
[
(3s− u)m2c + 2su
]
s2u2
exp
(
− s
T 2
− u−M
2
D
T 22
)
+
mc〈q¯q〉
32π2
∫ u0D
m2c
du
(u−m2c)2(u+ 3m2c)
u2
exp
(
−m
2
c
T 2
− u−M
2
D
T 22
)
+
mc〈q¯q〉
32π2
∫ s0D
m2c
ds
(s−m2c)2(m2c − 5s)
s2
exp
(
− s
T 2
− m
2
c −M2D
T 22
)
+
mc〈q¯gsσGq〉
128π2
∫ s0D
m2c
ds
10s2 − 7sm2c +m4c
s2
exp
(
− s
T 2
− m
2
c −M2D
T 22
)
+
mc〈q¯gsσGq〉
128π2
∫ u0D
m2c
du
2u2 + 5um2c − 3m4c
u2
exp
(
−m
2
c
T 2
− u−M
2
D
T 22
)
, (30)
the dependence on the T 22 is rather trivial, exp
(
−u−M2pi
T 2
2
)
, exp
(
−u−M2D
T 2
2
)
, exp
(
−m2c−M2D
T 2
2
)
, which
differ from the QCD sum rules for the three-meson hadronic coupling constants greatly [29]. It
is difficult to obtain T 22 independent regions in the present QCD sum rules, as no other terms to
stabilize the QCD sum rules. We can take the local limit T 22 →∞, which is so called local-duality
limit (the local QCD sum rules are reproduced from the original QCD sum rules in infinite Borel
parameter limit) [30], then exp
(
− u
T 2
2
)
= exp
(
−m2c
T 2
2
)
= exp
(
−M2pi
T 2
2
)
= exp
(
−M2D
T 2
2
)
= 1, the two
QCD sum rules are greatly simplified.
The hadronic input parameters are chosen as Mηc = 2.9836GeV, fπ = 0.130GeV [21],
√
s0π =
0.85GeV [15], MD = 1.87GeV, fD = 208MeV, s
0
D = u
0
D = 6.2GeV
2 [31], fηc = 0.387GeV [32],√
s0X = 4.4GeV, MX = 3.86GeV, λX = 2.02× 10−2GeV5 (this work), and fπM2π/(mu +md) =
−2〈q¯q〉/fπ from the Gell-Mann-Oakes-Renner relation. The unknown parameters are chosen as
CXηc = 0.0063GeV
8 and C′XD− = −0.0071GeV8 to obtain platforms in the Borel windows T 2 =
(2.5 − 2.9)GeV2 (this work) and T 2 = (1.3 − 1.7)GeV2 [31], respectively. The input parameters
at the QCD side are chosen as the same ones in the two-point QCD sum rules for the X∗(3860).
Then it is easy to obtain the values of the hadronic coupling constants,
GXηcπ = 1.28± 0.18GeV ,
|GXDD| = 12.3± 4.5GeV . (31)
In Fig.4, we plot the hadronic coupling constants GXηcπ and GXDD at much larger intervals than
the Borel windows. From the figure, we can see that the values of the hadronic coupling constants
GXηcπ and GXDD are rather stable with variations of the Borel parameters, so we expect to
make reliable predictions. The uncertainties of the GXηcπ and GXDD lead to the uncertainties
δΓ(X∗(3860) → ηcπ−)/Γ(X∗(3860) → ηcπ−) = 2δGXηcπ/GXηcπ = 28% and δΓ(X∗(3860) →
D−D0)/Γ(X∗(3860)→ D−D0) = 2δGXDD/GXDD = 73%.
We choose the masses MX = 3.862GeV [1], Mηc = 2.9836GeV, Mπ = 0.13957GeV, MD− =
1.8695GeV, MD0 = 1.8649GeV [21], and obtain the numerical values of the decay widths,
Γ(X∗(3860)→ ηcπ−) =
G2Xηcπ pηcπ
8πM2X
= 3.4± 1.0MeV ,
Γ(X∗(3860)→ D−D0) = G
2
XDD pDD
8πM2X
= 198.7± 145.1MeV , (32)
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Figure 4: The hadronic coupling constants with variations of the Borel parameters T 2, where the
A and B correspond to the GXηcπ and GXDD, respectively.
where
pηcπ =
√
[M2X − (Mηc +Mπ)2] [M2X − (Mηc −Mπ)2]
2MX
,
pDD =
√
[M2X − (MD0 +MD−)2] [M2X − (MD0 −MD−)2]
2MX
. (33)
If we saturate the width of the X∗(3860) with the strong decays to the meson pairs ηcπ− and
D−D0, then ΓX = 202 ± 146MeV, which is in excellent agreement with the experimental value
ΓX = 201
+154
−67
+88
−82MeV from the Belle collaboration [1], the present calculations support assigning
the X∗(3860) to be the Cγ5 ⊗ γ5C type hidden-charm tetraquark state.
4 Conclusion
In this article, we tentatively assign the X∗(3860) to be the Cγ5⊗γ5C type scalar tetraquark state,
study its mass and width with the QCD sum rules, special attention is paid to calculating the
hadronic coupling constants GXηcπ and GXDD. We obtain the values MX = 3.86± 0.09GeV and
ΓX = 202±146MeV, which are consistent with the experimental dataMX = 3862+26−32+40−13MeV and
ΓX = 201
+154
−67
+88
−82MeV, respectively. The dominant decay mode of the neutral partner X
∗0(3860)
is X∗0(3860)→ DD¯, which is also consistent with the fact that the X∗0(3860) is observed in the
process e+e− → J/ψDD¯. The present work supports assigning the X∗(3860) to be the Cγ5⊗ γ5C
type hidden-charm tetraquark state.
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